Abstract. Intratumoral hypoxia has been correlated with distant metastatic potential. Two hypoxia inducible factors (HIFs), HIF-1· and HIF-2·, are induced by hypoxia, and high expression of these proteins has been correlated to angiogenesis and distant metastasis. Thymosin ß4 (Tß4) is frequently highly expressed in cancer, and this overexpression correlates with malignant progression. The objective of this study was to investigate the clinical correlation of HIF-· with Tß4 and the intracellular functional roles of Tß4 on HIF-· activation. We examined HIF-1·, HIF-2· and Tß4 expressions in clinical human breast carcinoma (n=70) by immunohistochemistry. We show that high expression of HIF-1· and HIF-2· strongly correlates with Tß4 expression (P≤0.0001) and overexpression of Tß4 correlates significantly with patients with lymph node metastasis (P<0.05) of human breast cancer. Additionally, we demonstrate that hypoxia up-regulates intracellular Tß4 protein, which then affects HIF-· activity, which is the key in regulating VEGF expression. We confirmed that hypoxia-induced intracellular Tß4 and HIF-· activities were reduced by interference of Tß4 expression using Tß4 shRNA lentivirus. Vascular epidermal growth factor (VEGF)-A, a well-recognized lymphangiogenic cytokine, was also downregulated, but VEGF-C and VEGF-D expressions were not affected. These findings suggest that the overexpression of Tß4 is strongly associated with HIF-1· and HIF-2· expression and is also clinicopathologically involved with lymph node metastatic potential of breast cancer through the modulation of HIF-· activation and induction of VEGF-A. Ultimately, these results highlight Tß4 as a potentially therapeutic target in malignant cancers.
Introduction
Tumor hypoxia is caused by the unrestricted proliferation of cancer cells, the formation of immature blood vessels and the impairment of microcirculation induced by inflammatory change in tumor tissue (1) (2) (3) . Prolonged hypoxic conditions induce not only cell death but also genetic and adaptive changes in surviving cells. The surviving cells can adapt to a hypoxic environment through several mechanisms, including angiogenesis (2) . Intratumoral hypoxia has been shown to be a prognostic factor in some types of cancer and has been correlated with long distant metastatic potential (4, 5) . Despite these important clinical observations, the molecular ONCOLOGY REPORTS 25: 23-31, 2011 23 Thymosin ß4 expression correlates with lymph node metastasis through hypoxia inducible factor-· induction in breast cancer basis for tumor hypoxia inducing distant metastasis is not well understood.
Two transcription factors, hypoxia-inducible factor-1· (HIF-1·) and HIF-2·, are dramatically induced by hypoxia and regulate the target genes necessary for tumor adaptation (6) . The functional activity of HIF-1 is determined by the levels of HIF-1· protein expression in the nucleus (7) . Under normoxic conditions, HIF-· is rapidly degraded by the ubiquitin-proteasome pathway, whereas under hypoxic conditions the degradation of HIF-· is inhibited (8) (9) (10) (11) . Increased expression of HIF-1· protein has been shown during breast carcinogenesis (12, 13) , and high expression of HIF-2· has been correlated with angiogenesis, distant tumor recurrence and poor outcome in invasive breast cancer (14, 15) . Several studies have reported that HIF-1· expression is associated with unfavorable outcomes in cases of nodepositivity (16) and regulates a spectrum of target genes mainly involved in the modulation of erythropoiesis, angiogenesis, and glucose metabolism (17) (18) (19) . One of the best characterized genes regulated by HIF-1· is the gene that encodes VEGF-A, which induces vascular endothelial tip cells to migrate to hypoxic areas and promotes blood vessel growth (16) . Six human VEGF-A mRNA species encoding VEGF-A isoforms of 121, 145, 165, 183, 189 and 206 amino acids are produced by alternative splicing. The 121 and 165 amino acid forms are the predominant forms, but expression of the 189 amino acid form can also be seen in most VEGF-producing cell types (20) . The VEGF family consists of seven members including: VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F and placenta growth factor. Among them, VEGF-C and VEGF-D are well recognized as mediators of lymph node metastasis, and VEGF-A is associated with angiogenesis and lymphangiogenesis in skin tumors and breast cancer (21, 22) .
Thymosin ß4 (Tß4) is a small protein that is normally composed of 43-amino acids and is the most abundant member of the ß-thymosins, which are linked to a number of important biological actions, including actin polymerization, angiogenesis, wound healing, inflammation and signaling through the Akt pathway (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . Recent studies have shown that Tß4 is frequently overexpressed in malignant tumors and increases tumor growth, metastasis and epithelial-mesenchymal transition (EMT) (33) (34) (35) . It has also been reported that overexpression of Tß4 is associated with increased invasion and distant metastasis of human colon cancer (34) . However, little is known about whether overexpression of Tß4 is related to lymph node metastasis and whether Tß4 can be regulated by hypoxic conditions.
To understand the manner in which hypoxia-induced Tß4 regulates HIF-· activity to induce lymph node metastatic potential, we determined that Tß4 is induced under hypoxic conditions in metastatic breast cancer cells. We also found that down-regulation of HIF-· expression and activation resulted in the inhibition of lymph node metastasis via VEGF-A reduction in Tß4-silenced cells. Our results show that hypoxia-induced Tß4 expression correlates with distant metastasis in human breast carcinoma by inducing increased HIF-1· and HIF-2· expression, causing increased expression of VEGF-A. The human breast cancer  cells, MDA-MB-231, were purchased from American Type  Culture Collection (ATCC, Rockville, MD) . Cells were grown in DMEM (Gibco-BRL, Gaithersburg, MA) supplemented with 2 mM L-glutamine, 100 units/ml penicillin, 100 μg/ml streptomycin, and 5% heat-inactivated FBS (Gibco-BRL) in a 5% CO 2 incubator at 37˚C. MDA-MB-231 cells were used for experiments while in the log phase of growth. Human breast carcinoma samples were obtained from patients with breast cancer at the Department of Surgery, Eulji University Hospital (Daejeon, Republic of Korea). For immunohistochemical staining, 70 breast carcinoma and paired normal breast tissues taken from a site distant from the cancerous lesion were fixed in 10% formalin solution. Each patient's clinical status was classified according to the pathological grade of the tumor size, lymph node, metastasis (pTNM) classification system (36) . Histological grade was assessed using the modified Bloom-Richardson classification and nuclear grade was evaluated according to the modified Black's system.
Materials and methods

Cell lines and tissue samples.
Immunohistochemistry (IHC).
Tissue specimens obtained from therapeutic procedures were fixed in neutral buffered formalin (10% v/v formalin/water, pH 7.4) and embedded in paraffin wax. Serial sections of 4-μm thickness were cut and mounted on charged glass slides (Fisher Scientific, Rochester, NY). IHC for Tß4, HIF-1·, and HIF-2· in human breast carcinoma tissues was performed in the Dako Techmate 500 system (Dako, Glostrup, Denmark) using anti-Tß4 (1:200; Biodesign International, Saco, ME), anti-HIF-1· (1:100; Novus Biologicals, Littleton, CO), and anti-HIF-2· (1:200; Santa Cruz Biotechnology, Santa Cruz, CA). The tissue sections were deparaffined and then treated with 3% H 2 O 2 in methanol to quench the endogenous tissue peroxidase activity followed by incubation with 1% BSA. Antigen retrieval for Tß4, HIF-1· and HIF-2· was performed by microwave treatment in citrate buffer (pH 6.0). The sections were incubated with antibody overnight at 4˚C, and then the sections were stained using a standard EnVision-HRP kit (Dako) for Tß4 and HIF-2· and Catalysed Signal Amplification System II kit for HIF-1· (Dako). Finally, peroxidase activity was detected by incubating samples with DAB solution for 3 min. An irrelevant mouse IgG of the same isotype or antibody dilution solution served as a negative control. Immunohistochemical conditions for Tß4, HIF-1·, and HIF-2· were optimized and evaluated by two independent pathologists (J.H.K. and H.J.S.).
Assessment of immunostaining of Tß4, HIF-1· and HIF-2·.
Each slide was evaluated for Tß4, HIF-1·, and HIF-2· immunoreactivity using a semi-quantitative scoring system for both the intensity of the stain and the percentage of positive neoplastic cells, and tumors were graded by four degrees of severity. The percentage of cells displaying a stronger staining intensity than the adjacent ductal epithelium was graded as G1 (0-24% tumor cells stained); G2 (25-49% tumor cells stained); G3 (50-74% tumor cells stained); or G4 (75-100% tumor cells stained). For the purpose of statistical analysis, the median of this series (25% of malignant cells showing a stronger intensity than adjacent ductal epithelium) was used as a cut-off value to distinguish tumors with low (<25%) or high (>25%) levels of Tß4, HIF-1·, and HIF-2· expressions.
Flow cytometry for Tß4 expression. After incubation under hypoxic conditions, MDA-MB-231 cells were washed in PBS and centrifuged. The cells were fixed with 4% paraformaldehyde (Sigma, St. Louis, MO) and permeabilized with 0.1% saponin (Sigma). Rabbit polyclonal (10 μg) anti-human Tß4 antibody was added to each tube and incubated for 1 h on ice. Anti-rabbit IgG (H+L)-FITC conjugated antibody was then added and samples were incubated for 30 min on ice and then washed with PBS. Supernatant was removed and the cells were resuspended in 250 μl of PBS for flow cytometry (FACSCalibur, BD, Franklin Lakes, NJ).
Lenti-Tß4 shRNA vector and Lenti-Tß4 shRNA viruses. For shRNA-mediated knockdown, we employed an Expression Arrest™ GIPZ lentiviral shRNAmir system (Open Biosystems, Huntsville, AL) (37) . The scramble shRNA control vector and an shRNA knockdown pGIPZ plasmid against the Tß4 gene were purchased from Open Biosystems. The target sequences are listed below. The three-component plasmid system, including a transfer vector, a VSV-G expression vector, and a gag-pol expression vector, was used to produce replication-incompetent high-titer lentiviruses that expressed the shRNA constructs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) transfectant reagent in HEK 293T cells following the established protocols as described (38, 39) . The Tß4 specific shRNA construct sequence was: (TGCTG TTGACAGTGAGCGCGCAAAGAGGTTGGATCAAG TTTAGTGAAGCCACAGATGTAAACTTGATCCAAC CTCTTTGCATGCCTACTGCCTCGGA). The high-titer lenivirus carrying shRNA knockdown construct was generated, and virus titers were determined by immunoblotting viral lysates using anti-HIV capsid protein p24 antibody or a p24 ELISA kit (39) . The lentiviruses expressing Tß4 shRNA were used to infect human breast cancer cells to knock down Tß4 mRNA expression. The lentiviruses expressing scramble shRNA construct were used to infect as a control. Successful Tß4 mRNA transcript knockdown was confirmed by RT-PCR.
RT-PCR.
Total RNA was isolated using TRIzol ® reagent (Invitrogen), and cDNA was synthesized using M-MLV reverse transcriptase (Promega, Madison, WI). Two micrograms of total RNA was diluted in 15 μl of distilled water, and oligo (dT) primer was added. The primed RNA was reverse transcribed for 1 h at 42˚C in reaction buffer [5 μl of M-MLV RT 5X Buffer, 1 μl of 5 U/μl ribonuclease inhibitor (Promega), 2 μl of 25 mM dNTP (Takara, Shiga, Japan), and 1 μl of M-MLV reverse transcriptase]. One microliter of the synthesized cDNA was used for each 20 μl PCR reaction with 2X PCR Master mix Solution (iNtRON Biotechnology, SungNam, South Korea), and was amplified under the following thermocycling conditions; 94˚C for 5 min, then 25-30 cycles of 94˚C for 30 sec, 60˚C for 30 sec and 72˚C for 1 min, followed by a final extension of 7 min at 72˚C using Takara PCR Thermal Cycler Dice system (Takara). For the PCR reactions, the following primer sets were used: human Tß4, sense, 5'-ACA AAC CCG ATA TGG CTG AG-3' and antisense, 5'-TGC TTG CTT CTC CTG TTC AA-3'; ß-actin, sense, 5'-TCA CCC ACA CTG TGC CCA TCT ACG-3' and antisense, 5'-CAG CGG AAC CGC TCA TTG CCA ATG-3'; VEGF, sense, 5'-CCA TGA ACT TTC TGC TGT CTT GG-3' and antisense, 5'-CTC ACC GCC TCG GCT TGT CAC-3'; VEGF-A 189 , sense, 5'-GTA TAA GTC CTG GAG CGT-3' and antisense, 5'-TGT CCC TGG AAG AAC ACA GCC-3'; VEGF-A 121-165 , sense, 5'-GTG AAT GCA GAC CAA AGA AAG-3' and antisense, 5'-AAA CCC TGA GGG AGG CTC-3'; VEGF-C, sense, 5'-GTC TGT GTC CAG TGT AGA TG-3' and antisense, 5'-TAC GAG GTG CTG GTG TTC ATA C-3'; HIF-1·, sense, 5'-CAA AAC ACA CAG CGA AGC-3' and antisense, 5'-TCA ACC CAG A TAT CCA CC-3'; HIF-2·, sense, 5'-AGC CTC CAT CTG CCA TCA GTC-3' and antisense, 5'-CTT GCC ATG CCT GAC ACC TTG-3'. The PCR products were separated on 2% agarose gel, stained with ethidium bromide, visualized by Gel Doc System (Uvitec, Cambridge, UK), and analyzed using TL100 software (Nonlinear Dynamics Ltd., Newcastle, UK).
ELISA. Culture supernatants from Tß4 shRNA or scramble lentivirus transduced MDA-MB-231 cells were collected at 24, 48 and 72 h. Concentrations of VEGF in these supernatants were quantified using a Quantikine ® human VEGF immunoassay (R&D Systems, Inc., Minneapolis, MN) according to the manufacturer's instructions.
Western blot analysis. Total cell lysates from control (1x10 6 cells) or Tß4 shRNA transfected MDA-MB-231 cells (1x10 6 cells) were prepared in 1X SDS-lysis buffer [60 mM TrisHCl (pH 6.8), 5% glycerol, 0.5% SDS, 2.8 mM 2-mercaptoethanol, and 0.02% bromophenol blue] with boiling. Cell lysates were resolved by SDS-PAGE on 6% or 12% gels and transferred to PVDF membranes (Bio-Rad Laboratories, Hercules, CA). The membranes were incubated with primary antibodies followed by peroxidase-conjugated goat antirabbit or anti-mouse IgG secondary antibodies (Jackson ImmunoResearch Laboratory Inc., West Grove, PA) and ECL reagent (Amersharm Biosciences Inc., Piscataway, NJ) for band visualization. To verify equal loading, anti-Á-tubulin antibody (Santa Cruz Biotechnology) was used. The primary antibodies were anti-HIF-1· (Novus Biologicals) and anti-HIF-2· (Novus Biologicals).
Transient transfection and luciferase assay. Scrambledor Tß4-shRNA transfected MDA-MB-231 cells at ~50% confluence in 6-well plates were transfected with reporter luciferase plasmid, pGL3-HRE, using Lipofectamin 2000 (Invitrogen) in accordance with the manufacturer's instructions. After incubation (36 h), the cells were harvested and luciferase activity was measured using a luciferase assay kit (Promega). All experiments were conducted in triplicate, and luciferase activity was normalized to ß-galactosidase activity.
Statistical analysis. Experimental differences were determined using a Student's t-test. The relationship between the results ONCOLOGY REPORTS 25: 23-31, 2011 of the immunohistochemical study and the clinicopathological parameters was determined using SASR software package (version 8.01; SAS Institute, Cary, NC). Univariate and multivariate analyses were carried out using the proc logistic module. In all cases, the exact mid-P adjusted P-values were reported and a P-value <0.05 was considered to be statistically significant.
Results
Tß4 expression is correlated with HIF-1· and HIF-2· in breast carcinoma.
It has been reported that Tß4 induces HIF-1· stabilization and activity (40) . To explore the correlation of Tß4 expression with expression of two HIF-· subunits, HIF-1· and HIF-2·, we first screened for Tß4, HIF-1·, and HIF-2· expression in 70 human breast cancer tissues by IHC. Immunostaining showed high levels of Tß4 in the cytoplasm of tumor cells, while the matching normal tissues displayed comparably weak expression of Tß4 (Fig. 1A) . HIF-1· and HIF-2· expression were highly expressed in the cell nuclei in breast tumor sections (Fig. 1B  and C) , and HIF-1· was also expressed in cytoplasm of tumor cells (Fig. 1B) . To determine if there was an association between Tß4 and HIF-1· or HIF-2· expression in human breast carcinoma, we compared Tß4 expression levels with HIF-1· and HIF-2· levels (Table I) . We found a statistically significant correlation between Tß4 expression and HIF-1· (P=0.0001) as well as between Tß4 and HIF-2· (P<0.0001).
Relationship between Tß4 and clinicopathological findings.
We next analyzed associations between Tß4 expression and patient age, histological grade, tumor size, estrogen receptor, progesterone receptor, c-erbB2, or p53 expressions (Table II) . Multivariate analysis showed a significant association Table I . Relationship between Tß4 expression and HIF-1·/ HIF-2·.
-------------------------------------------------Low High Negative positive positive Variables (%) (%) (%) P-value -------------------------------------------------HIF-1·
0.0001 Negative (%)
19 (59) 
(77) -------------------------------------------------
between Tß4 and nodal status (P=0.0192, Table III ). Several previous reports have shown that HIF-· correlates with metastasis and distant recurrence (12) (13) (14) (15) and also correlates with VEGF-C expression and lymphangiogenesis in breast cancer (41) . Therefore, we hypothesize that Tß4 may help regulate the process of lymph node metastasis due to its strong correlation with HIF-· expression.
Tß4 expression is induced under hypoxic conditions.
To elucidate the functions of Tß4 under hypoxic conditions, we determined whether Tß4 expression is regulated by hypoxia, a critical factor for inducing HIF-· expression. MDA-MB-231 cells were exposed to hypoxic (1% O 2 or 50 μM CoCl 2 ) or normoxic conditions for 24 h. Intracellular Tß4 protein was dramatically increased under hypoxic conditions (Fig. 2) . Additionally, the secretion of Tß4 from cells under hypoxic conditions was not detected (data not shown). Collectively, these results demonstrate that hypoxia induces the expression of intracellular Tß4.
Inhibition of Tß4 by shRNA reduced HIF-1· and HIF-2· expression and activity.
To elucidate the functional roles of intracellular Tß4 on HIF-· expression or activation, we interfered with Tß4 expression by introduction of Tß4 shRNA lentivirus to MDA-MB-231 cells. Tß4 down-regulation by introduction of shRNA lentiviruses decreased HIF-1· and HIF-2· mRNA expression ( Fig. 3A and B) , but did not regulate HIF-1ß mRNA level (data not shown). The protein levels of HIF-1· and HIF-2· in Tß4 shRNA transfected cells were reduced ( Fig. 3C and D) . Coincidently, HIF-· activity was also down-regulated with an HRE-luciferase reporter construct (Fig. 3E) . These results indicate that intracellular Tß4 expression is closely associated with HIF-· expression and activation.
Inhibition of Tß4 expression by shRNA reduced levels of VEGF mRNA and secretion.
In previous data, we showed that Tß4 expression correlated significantly with lymph node metastasis in human breast carcinoma (Tables II and III) . Lymphangiogenic growth factors that promote formation of tumor lymphatics and metastatic spread of tumor cells to lymph nodes have been identified (42) and include secreted VEGF-A, VEGF-C and VEGF-D, which are all main target genes of HIF-· (42, 43) . To confirm that Tß4 can regulate expression of these VEGF isoforms, we prepared MDA-MB-231 cells with silenced Tß4 expression by shRNA lentivirus and analyzed the levels of VEGF mRNA (Fig. 4A ) and protein production (Fig. 4B) . When Tß4 expression was blocked via shRNA lentivirus transduction for 24 h, Tß4 mRNA expression was reduced by 70% and VEGF mRNA expression was also down-regulated in MDA-MB-231 cells. Secretion of VEGF protein from MDA-MB-231 cells was inhibited by Tß4 down-regulation for 24, 48 and 72 h.
VEGF-A was down-regulated by Tß4 shRNA transfection but other isoforms of VEGF family were not affected.
It is well known that VEGF-A, VEGF-C and VEGF-D are mediators of lymph node metastasis (42) . To determine whether Tß4 expression regulates any of the isoforms of the VEGF family, we screened mRNA levels of VEGF-A 121-165 , VEGF-A 189 , VEGF-C and VEGF-D in Tß4 down-regulated cells (Fig. 4C  and D) . We found that down-regulation of Tß4 expression reduced VEGF-A expression by 50-60% but did not affect the other isoforms. VEGF-D expression was not detected in MDA-MB-231 cells (data not shown). Also, it has been shown that soluble Tß4 peptide plays a role in HIF-1· stabilization and increase of VEGF mRNA expression in cervical cancer cells (40) . To define the effects of soluble Tß4 peptide treatment ONCOLOGY REPORTS 25: 23-31, 2011 Table II. Tß4 expression in human breast carcinoma in relation to clinicopathological parameters. ------------------------------------------------ Table III . Results of multivariate logistic regression analysis with Tß4 expression. on VEGF isoform expression, we determined the mRNA levels of VEGF isoforms in MDA-MB-231 cells treated with 1 μg/ml or 4 μg/ml Tß4 (data not shown). Unlike the modulation of endogenous Tß4 expression, introduction of exogenous Tß4 peptide to the cells had no effect on regulation of VEGF-A, VEGF-C and VEGF-D mRNA and protein production (data not shown). These results demonstrate that the inhibition of intracellular Tß4 expression results in the down-regulation of VEGF-A production, ultimately leading to lymphangiogenesis.
-------------------------------------------------
------------------------------------------------- a NS, non-significant. ------------------------------------------------------------------------------------------------------- Categories P-value Odds ratio 95% Confidence limits ------------------------------------------------- Nodal status 0.0192 7.9055 0.056-0.573 -------------------------------------------------
Discussion
Tumor hypoxia is a prominent feature of malignant tumors and correlates with distant metastatic potential (4, 5) . These prolonged hypoxic conditions make the tumors more difficult to treat and confer increased resistance to death from chemotherapy and radiotherapy (44) . Tumor cells must survive by adapting to the low pO 2 , by increasing vascularization, or both. Many gene products are involved in angiogenesis in tumors, and one of the most investigated targets is VEGF, which is secreted by hypoxic tumor cells. Many of these hypoxia-regulated genes, including those for VEGF, are mediated by HIF complex, which is therefore a pivotal gene in the cancer biology of hypoxic adaptation and angiogenesis. Interestingly, a recent report shows that Tß4 stabilizes HIF-1· in human cervical cancer cells (40) . Based on this, we evaluated the functional roles of Tß4 under hypoxia in breast cancer by studying the correlation between clinical observations and cellular roles of Tß4.
In the present study, we have demonstrated that Tß4 expression significantly correlates with lymph node metastasis in breast carcinoma (Tables II and III) and is also highly associated with both HIF-1· and HIF-2·, which are indicators of hypoxic condition (Table I) . Next, we determined that Tß4 is induced by hypoxia, which then regulates HIF-· expression and increases production of VEGF. Tß4 overexpression was significantly correlated with lymph node metastasis (P=0.0203), but not with several other clinicopathological parameters including age, histological grade, tumor size, estrogen receptor, progesterone receptor, c-erbB2, and p53 in human breast carcinoma, which is similar to the correlation found in a previous report on colon cancer (34) . However, there is also a controversial report showing that Tß4 was down-regulated in metastatic cells from colorectal carcinomas (45) . Additionally, another report has shown the important role of local expression of Tß4 peptide in the tumor microenvironment but not in tumor cells to regulate tumor behavior (46) . However, our results indicate that Tß4 is more abundant in tumor cells compared with the corresponding non-tumor cells, and overexpression of Tß4 in tumor cells was strongly related with lymph node metastasis, but not other clinicopathological parameters in human breast carcinoma. Based on these findings, we also evaluated the roles of Tß4 in lymph node metastasis in breast carcinoma.
Based on a report that Tß4 proteins affect HIF-1· stabilization (40), we investigated whether increased Tß4 expression correlates with HIF-1· or HIF-2· expression levels under hypoxic conditions, which are known to induce Tß4 production. We demonstrated that hypoxic conditions dramatically up-regulated the intracellular Tß4 expression in MCF7 (data not shown) and MDA-MB231 cells (Fig. 2) . From these data, we conclude that tumor hypoxia stimulates the tumor cells to increase intracellular Tß4 and lead to HIF-· activation. This indicates that Tß4 could be a mediator of HIF-· activation by hypoxia. We have also shown that high levels of HIF-1· or HIF-2· in breast tumor cells are significantly related to overexpression of Tß4 proteins (Table I) . It has been reported that HIF-1· is closely linked to aggressive phenotypes such as tumor size, lymph node metastasis, tumor stage, histological grade, HER2 expression, increased VEGF, COX-2 overexpression and increased nuclear p53 in invasive breast cancer (13) , and is also correlated with VEGF-C expression and lymphangiogenesis in breast cancer (41) . Recently, HIF-2· expression was shown to be an independent prognostic factor associated with distant recurrence and poor outcome, whereas HIF-1· did not exhibit these correlations in invasive breast cancer (15) . Until now, it has not been well elucidated whether HIF-1·, HIF-2· and Tß4 expressions in breast carcinoma tissues is significantly correlated. Additionally, the down-regulation of Tß4 induced reduction of HIF-1· and HIF-2· mRNA and protein expression as shown by the decrease of HRE promoter activity (Fig. 3) . Our data are the first to show that down-regulated intracellular Tß4 affects the regulation of HIF-1· and HIF-2· expression in breast cancer cells. Therefore, we investigated this further to reveal how Tß4 directly regulates the expression of HIF-· and which signaling pathway is involved in this regulation.
Generally, lymph node metastasis is the main indicating factor in many malignancies, including breast carcinomas. Mediators of lymph node metastasis in several types of cancer include VEGF-C, VEGF-D, VEGF-A, platelet-derived growth factor (PDGF)-BB, and hepatocyte growth factor (HGF) (42, 43, (47) (48) (49) . It is well known that increase of Tß4 is involved in angiogenesis and induces VEGF production (26) . However, the specific isoforms of VEGF affected by Tß4 stimulation is still unknown. We confirmed that Tß4 regulates only the expressions of VEGF-A but not the other isoforms (Fig. 4) . VEGF-A is one of the best characterized genes increased by HIF, and it has been shown that VEGF-Aoverexpressing primary skin tumors in mice induce lymphangiogenesis in sentinel lymph nodes before arrival of metastatic tumor cells, indicating that sentinel lymph node lymphangiogenesis may be connected with metastasis to other organs (21) . In some studies, lymphangiogenesis in the nodal metastases is a stronger prognostic indicator than analyses of primary tumors in breast cancer (50) . These data imply that hypoxia-induced Tß4 could regulate the expression of VEGF-A which may use expressing cells to promote lymphangiogenesis involved with lymph node or distant metastasis.
Additionally, secreted Tß4 polypeptide in tumor tissues was closely involved with tumor malignancy and metastasis (25) . Therefore, we investigated the regulation of expression of VEGF isoforms by introduction of extrinsic Tß4 polypetide to breast cancer cells. Interestingly, treatment with Tß4 peptide did not significantly affect the modulation of VEGF mRNA or VEGF secretion from Tß4 peptide-treated cells (data not shown). At low levels of Tß4 treatment (10-100 ng/ml), there was no difference in the mRNA expression levels of ONCOLOGY REPORTS 25: 23-31, 2011 VEGF isoforms (data not shown). ELISA did not detect secreted Tß4 derived from cultured breast cancer cells, which is consistent with a previous report that described no detection of secreted Tß4 from Tß4 adenovirus-infected B16F10 cells (25) . From these data, we conclude that the modulation of intracellular Tß4 expression is mainly involved in the regulation of VEGF-A expression.
In conclusion, our data suggest that hypoxia-induced Tß4 is strongly associated with HIF-1· and HIF-2· expression and is also clinicopathologically involved with lymph node metastatic potential of breast cancer by modulating HIF-· activation and induction of VEGF-A in breast cancer cells. Ultimately, these results warrant further investigation of Tß4 as a potential therapeutic target in malignant cancers.
